Direct-to-blister copper flash smelting slag contains up to 14% of copper and 2-4% of lead. Considering this fact, this material is subjected to the high-temperature reduction process. After this, converting process is performed on the Cu-Pb-Fe alloy being the product of decopperization process in electric furnace. An alternative to the presently used processing of flash smelting slag would be its hydrometallurgical treatment and selective recovery of Pb and Cu. This paper presents the results of laboratory tests on flash smelting slag leaching with citric acid solutions. The experiments performed allowed to determine the process parameters at which the Pb concentration in the post-leaching sediment reached the value of 0.41-0.6% while the Pb content in flash smelting slag was 3.05%. Analogous values for copper were 11.5-11.8% (after leaching) and 12.44% (before). Material after leaching in citric acid solutions can be processed, in the second step, using sulfuric acid solutions, and it could lead to the recovery of almost all copper contained in it.
1.
Introduction As a result of melting of copper concentrates in direct-to-blister flash smelting furnace, a slag with a significant copper content (12-16%) is obtained as one of the products. This is 25-30% of copper fed from the concentrate. The high content of copper in the slag results from the significant oxidation of the concentrate components in the furnace reaction shaft. This procedure is necessary to obtain a lead concentration below 0.3% in blister copper. Direct-toblister copper flash smelting slag also contains lead in an amount of 2.5-4% by mass. In order to recover copper as well as lead, the slag is subjected to the process of decopperization by the reduction of oxide metal compounds in the electric furnace in the presence of coke covering the surface of the slag bath. The products of the process are dust, waste slag, in which the concentration of copper is on average 0.6%, 0.7-1.2% Pb and CuPbFe alloy, which is then processed in the converter to obtain blister copper suitable for the fire refining process. The presence of lead in the alloy causes difficulties in further metallurgical processing and adversely affects the durability of metallurgical aggregates. In this work an attempt was made to find an alternative method of processing of flash smetling slag. Research has been carried out on the possibility of recovery of lead from slag by hydrometallurgical route in the process of leaching with the use of citric acid solutions. There are several advantages of the hydrometallurgical technology, namely the prospect of lower production costs, lower energy consumption and a higher recovery rate of lead from slag compared to conventional methods. acid solutions was investigated. Research is also being conducted on the removal of heavy metals from the soil and ashes from waste incineration plants with citric acid [13] [14] [15] [16] . Most of the tests carried out lead to high concentrations of leaching metals in solution under optimized conditions of the process. Citric acid in the aqueous environment dissociates according to reaction (1):
If oxidized lead or copper forms are present, the following chemical reactions may occur:
which lead to copper and lead in the solution in an ionic form. The aim of this study was to investigate the use of citric acid as a leaching agent and optimize direct-to-blister copper flash smelting slag leaching conditions in such a way as to leach lead into the solution in the maximum extent, minimizing the degree of copper passage. The effects of parameters such as temperature, acid concentration, leaching time, solid/liquid (s/l) ratio in the lead and copper extraction were investigated and leaching conditions were optimized.
Properties of examined material
For research in this work, slag from the flash furnace of the Głogów II smelter was used. The analysis of the chemical composition of the slag used in all subsequent tests, carried out using the atomic absorption spectrometry (AAS), is presented in The content of lead and copper in the material used for the tests was 3.05% and 12.44%, respectively.
The sieve analysis carried out showed that the slag is ground to less than 1 mm. Slightly more than 50% by mass are grains with a size of 0.16÷0.32 mm. The fraction of grains below 0.16 mm and above 0.32 mm, which is about 24% by mass, is comparable. The slag being tested has only about 1.5% of the mass fraction with a relatively coarse grain size (grains above 0.63 mm). The determination of the content of copper and lead was also carried out for individual fractions. Chemical analysis showed that in the grain size fraction above 0.63 mm there is a significant copper enrichment and a relatively lower percentage of lead in relation to the other fractions. The obtained analysis indicates the possibility of separating the grain size fraction 0.63÷1 mm from the remaining part of the slag, and then directing it directly to the flash furnace in order to recover the copper. The grain composition of the tested slag and the content of lead and copper in individual fractions are given in Table 2 . Figure 2 shows the dependence of the cumulative fraction on the grain size. Proper selection of the leaching factor requires a detailed specification of the specificity of the leached material. The form of occurrence in which the metal that we want to leach is very important. For this purpose, identification of the phase composition of the flash smelting slag under investigation using the XRD method was carried out. X-ray analysis showed that lead is only in oxidized form as PbO. The copper is present in the slag in a metallic form and in a significant amount in the form of an oxide phase with a composition similar to Cu2O. Analysis of the XRD pattern also revealed the occurrence of copper to a lesser extent in the form of an oxide copper and iron compound with the formula CuFeO2. The results of X-ray analysis are shown in Figure 3 . In this work, analyzes of the chemical composition and flash smelting slag microstructure were also performed. The scanning electron microscope equipped with a spectrometer with X-ray energy dispersion (SEM-EDS) was used. The SEM image obtained for the average sample of slag and the EDS analysis result showing the occurrence of specific elements on the whole surface of this image are presented in Figure 4 . Points 1, 2 and 3 are marked on specific microscopic structures from this area, which have a different chemical composition from the average composition of the entire surface of the test sample. For individual micro-areas, EDS analysis was performed, which is shown in Figure 5 . EDS spectra from points 1 and 2, and in particular 3 show the occurrence of Pb, Si and O, and therefore it can be assumed that lead in addition to being in the form of PbO (XRD analysis) may also appear in silicate form. 
3.
Hydrometallurgical processing of direct-to-blister copper flash smelting slag
Experimental procedure of hydrometallurgical processing
The conditions of the leaching process was examined by changing the temperature, time, concentration of the citric acid solution and the mass ratio of the liquid phase to the solid phase (l/s). The leaching solutions of a given concentration were prepared from distilled water and citric acid (≥99.5%, Merck). Appropriate volumes of the prepared solution were metered and poured into the vessel in which the slag leaching was carried out. The vessel was placed in a measuring system and the solution was heated to a fixed temperature using a heating plate. Next, the slag of constant mass (20 g) was prepared, and after the solution had obtained the planned temperature, a slag sample was added and the mechanical stirrer was started, leading the process for a fixed time. Each experiment was carried out at a constant stirring speed (300 rpm) to allow the slag to be lifted in the solution. After the leaching was completed, the slurry was filtered, and the resulting precipitate was washed with distilled water, dried and weighed. The slag remaining after leaching was subjected to chemical analysis by atomic absorption spectrometry (AAS) to determine the content of lead and copper. For all performed tests, the leaching efficiency of lead and copper from slag was determined, which was calculated according to the following equation: 
Results and discussion of hydrometallurgical tests
In the first place, tests were carried out on the effect of the concentration of citric acid in the leaching solution on the concentration of lead and copper in the slag samples after leaching for three different process temperatures (25°C, 50°C, 70°C). The process time was 15 minutes and the mass ratio of the liquid phase to the solid phase was 10. The results obtained in this series of tests are shown in Fig. 6 (concentrations of metals) and Fig. 7 (leaching efficiency of lead and copper). The obtained results indicate that the highest decrease in lead concentration in the leaching sample is noted in the case of a leaching solution containing citric acid in a concentration of 1 mol/dm 3 at a temperature of 70 o C. At the same time, a relatively low drop in the concentration of copper in the material after leaching can be observed in these conditions. Almost 90% of lead and 30% of the copper contained in the slag passes under those conditions to the solution. Considering the above facts, the next stage of testing was carried out in the conditions of a fixed concentration of citric acid in the solution at the level of 1 mol/dm 3 , at two temperatures (25 o C and 70 o C), with a ratio s/l of 10, differentiating the leaching time from 15 to 45 minutes. The results of the tests are presented in Fig. 8 and 9 . It can be noticed that at 70 o C, the process time has an inverse proportion to the Pb content in the leach residue. So the longer the less lead in the slag after the process. The situation is different in relation to copper. In the conditions described above, the highest content of copper in the slag after the process can be observed after about 30 minutes of leaching. Since the proposed process of hydrometallurgical processing is to maximize the removal of lead from the slag with minimal the passage of copper to the solution, it was assumed that the optimal time from this point of view would be a process time of just 30 minutes.
The last series of tests performed was to determine the impact of the mass ratio of the leaching solution to the slag (l/s) on the lead and copper transition process into the solution.
The tests were carried out for 2 different temperatures (25 o C and 70 o C), in the conditions of a fixed concentration of citric acid in the solution at the level of 1 mol/dm 3 during 30 minutes. Figures 10 and 11 present the results obtained after the leaching tests. It can be clearly seen that from the point of view of reducing the Pb content in the slag after leaching, the optimal l/s ratio is the value of 10 (0.41% Pb, 11.5% Cu in the leaching residue) at a temperature of 70°C. Considering two factors, i.e. lowering the lead content and minimizing the degree of copper passage into the solution, the desired value of 1/s may seem to be 5. At 70 o C and at 1/s = 5, a sufficiently low content of Pb from slag after leaching can be noted (0.6%) and higher than in the previous case copper content (11.8%). Achieving the aim of testing, which was the maximum lead transfer from slag to solution with a minimal passage of copper to the solution is obtained in the following conditions: 1 mol/dm 3 of citric acid, 30 minutes, 70 o C, l/s = 5. Concentration of metals in the leaching residues was then: 0.6% Pb and 11.8% Cu. Leaching efficiency of lead and copper was 84.67% and 26.06% respectively.
Conclusions
Performed tests confirm the possibility of using citric acid solutions for the hydrometallurgical processing of flash smelting slag containing lead and copper. During the research, the influence of different leaching parameters on the degree of lead and copper transition to the solution was observed. The purpose of this work was to determine the conditions under which the lead leaching process takes place and the passage of copper to the solution is minimal. The obtained results indicate that it is possible to lead the process so that about 85% of the lead contained in the slag passes into the solution, and only slightly over 26% of the copper was leached out under these conditions. The leaching solution can be further regenerated using sulfuric acid with PbSO4 precipitation and used in a closed loop in the slag leaching process until saturation with copper. In this case, purification of the solution can be carried out by electrolysis and obtaining cathodic copper as the final product. The solid residue obtained after the citric acid leaching process can be processed in the next step using H2SO4 solutions, which should lead to a high recovery rate of copper and to receive final material with low content of both lead and copper.
